Abstract While numerous maladies are associated with hypobaric hypoxia, muscle protein loss is an important under studied topic. Hence, the present study was designed to investigate the mechanism of muscle protein loss at HH. SD rats were divided into normoxic rats, while remaining rats were exposed to simulated hypoxia equivalent to 282-torr pressure (equal to an altitude of 7620 m, 8% oxygen), at 25°C for 6, 12, and 24 h. Post-exposure rats were sacrificed and analysis was performed. Ergo, muscle loss-related changes were observed at 12 and 24 h post-HH exposure. An increased reactive oxygen species production and decreased thiol content was observed in HHexposed rats. This disturbance caused substantial protein oxidative modification in the form of protein carbonyl content and advanced oxidation protein products. The analysis showed increase levels of bityrosine, oxidized tryptophan, lysine conjugate, lysine conjugate with MDA, protein hydroperoxide, and protein-MDA product. These changes were also in agreement with increase in lipid hydroperoxides and MDA content. HSP-70 and HSP-60 were upregulated significantly, and this finding is corroborated with increase in ER stress biomarker, GRP-78. Overloading of cells with misfolded proteins further activated degradative machinery. Consequently, pro-apoptotic signaling cascade, caspase-3, and C/EBP homologous protein were also activated in 24-h HH exposure. Release of tryptophan and tyrosine was also increased with 24-h HH exposure, indicated protein degradation. Elevation in resting intracellular calcium ion, [Ca 2+ ]i, was also observed at 12-and 24-h HH exposure. The present study provides a detailed mechanistic representation of muscle protein loss during HH exposure.
Introduction
High altitude is associated with a number of adverse factors such as decreased ambient pressure of oxygen, decreased temperature, humidity, and increased UV radiation. In comparison with all the above, the prime contributing factor at high altitude is hypobaric hypoxia, i.e., fall in partial pressure of oxygen. In 1973, hypoxia was defined as the state in which oxygen in the lung, blood, and/or tissues is abnormally low, compared with that of a normal resting man that breaths air at sea level (Bligh and Johnson 1973) . However, hypoxia is a condition not only associated with high altitude but also with a number of pathologies such as anemia, vascular abnormalities, heart failure, chronic obstructive pulmonary disease, or sleep apnea. High altitude exerts considerable effects on physiological function and physical performance of an individual. While numerous high-altitude studies have been conducted, Electronic supplementary material The online version of this article (doi:10.1007/s12192-017-0795-8) contains supplementary material, which is available to authorized users. one pathophysiological effect is still untouched, i.e., muscle protein loss and decrease in physical performance.
Skeletal muscle is metabolically active, the most voluminous, and major protein reservoir tissue of the body. Loss of muscle mass with decreased muscle fiber size is a result of typical mountaineering expeditions to Himalayas (Hoppler and Desplanches 1992; Hoppler et al. 1990) . After a 10-month stay at high altitude (4100 or 3750 m), Indian soldiers had a muscle mass loss of 1.74 and 1.38 kg, respectively (Bharadwaj et al. 2000) . Consequences of hypoxia include the initial loss of water and subsequent loss of muscle and fat mass (Butterfield 1990 ). The balance between new protein synthesis and degradation is necessary to maintain the steady state level of protein in our bodies. In vitro studies suggested that attenuated energy turnover and loss of muscle mass may be developed at hypoxia exposure due to a decrease in overall protein turnover rate (Heerlein et al. 2005; Hochachka et al. 1996; Koritzinsky et al. 2006; Kraggerud et al. 1995) . Climbers exposed to extreme altitude for prolonged time exhibit evidence of oxidative stress in skeletal muscles probably due to overproduction of reactive oxygen species (ROS) and an increase in muscle lipofuscin level (Martinelli et al. 1990 ). Muscle biopsies show relevant evidence of muscle oxidative stress including oxidized proteins, oxidized lipids, and sensitivity in relation to vitamin E supplementation (Magalhaes et al. 2005) . Several studies also report muscle mass loss and reduced performance at high altitude (Mathieu-Costello 2001; Edwards et al. 2010; Hoppler and Vogt 2001) . Also, a brief reduction in oxygen supply due to hypoxia leads to acutely diminished muscle mass and performance (Calbet et al. 2009 ). In our previous study, elevated protein degradation leading to skeletal muscle atrophy under chronic hypobaric hypoxia was observed (Chaudhary et al. 2012a, b) .
High altitude can cause increased cellular oxidative stress that consequently damage lipids, proteins, and DNA (Bailey et al. 2001; Magalhaes et al. 2004; Singh et al. 2001; Vigano et al. 2008; Rathor et al. 2015) . Highlighting proteins under hypoxic conditions, elevated protein carbonylation in skeletal muscle fiber was observed during oxidative stress (Barreir and Hussain 2010) . Along with this, oxidation of aromatic amino acid residues, reduction of methionine, and protein-protein cross-linkages was also noted (Barreir and Hussain 2010) . Another important aspect of antioxidant status, viz. total thiol content of proteins, is also altered during muscle fatigue that disrupts redox status of tissues (Ferreira and Reid 2008) . With the above facts in our mind, the present study was designed to unravel the immediate cellular and molecular cascades for protein modifications, degradation, and apoptosis under acute hypobaric hypoxia in skeletal muscle.
Material and Methods

Ethics statement
Male Sprague-Dawley rats weighing 220 ± 20 g were taken (n = 5) for the experiment. Rats were maintained three rats per cage at 25 ± 2°C in the Animal Facility, DIPAS, India, and given food and water ad libitum under 12-h day-night cycle. The study was approved by the Animal Ethical Committee of the Institute in accordance with Committee for the Purpose of Control and Supervision of Experiments on Animals (CPCSEA) of the Government of India.
Hypobaric hypoxia exposure
A total of 20 male Sprague-Dawley rats were used in the study. The rats were divided into four groups of five rats each: Simulated high-altitude exposure was performed in an animal decompression chamber maintained at pressure of 282 torr (equivalent to an altitude of 7620 m, 8% oxygen), coupled to mercury barometer, at 25°C for hypoxic group (Decibel Instruments, India). The airflow in the chamber was 2 l/min with relative humidity maintained at 50 to 55%. Control group rats were maintained in the normoxic condition within the same laboratory.
After exposure, animals were anesthetized with sodium pentobarbital (50 mg/kg, i.p.) and skeletal muscles were excised from hind limb of rats for different biochemical and histopathological analyses. For biochemical analysis, muscle tissue was immediately stored at −80°C for further use.
Biochemical assays and histopathological analysis
For biochemical estimations, the tissue was homogenized in 0.154 M KCl-EDTA buffer and skeletal muscle tissues of rats were fixed in 4% formalin for histopathological analysis.
Oxidative stress marker
ROS
Free radical generation was determined by fluorescence using 2,7-dichlorofluoroscein diacetate (DCFH-DA) (Cathcart et al. 1983) . DCFH-DA passively diffuses through cellular membranes, is cleaved by an esterase, and the resultant DCFH can be oxidized to the highly fluorescent dichlorofluorescein (DCF), emitting fluorescence in the presence of ROS. Briefly, 150 μl of tissue homogenate was incubated with 10 μl of 100 μM DCFH-DA for 30 min in dark. Fluorescence was read using a fluorimeter (Perkin-Elmer, UK) with excitation at 485 nm and emission at 535 nm. Readings were obtained in arbitrary fluorometric units, and results were expressed as fold change in free radical generation.
Antioxidant activity in terms of thiol content
Thiol content was considered as primary defense system in the body, and its oxidation could be correlated with the production of oxidative stress in the body. The concentrations of total SH groups (T-SH), protein-bound SH groups (Pr-SH), and non-protein SH groups (Npr-SH) were estimated based on their reactivity with 5,5′-dithiobis (2-nitrobenzoate) (DTNB) by the method of Sedlak and Lindsay (1968) . For determination of T-SH, a 0.125-ml aliquot of homogenate was added to 0.375 ml of standard incubation medium (40 mM Tris, 2 mM EDTA, 100 mM KCl, pH 8.0). After addition of 25 μl of DTNB (10 mM in methanol) and 2.5 ml methanol, the mixture was incubated for 30 min and centrifuged at 2500 rpm for 10 min. The concentration of Npr -SH was determined after addition of 0.5 ml homogenate to 1.75 ml H 2 O and 0.25 ml trichloroacetic acid (50%). Following centrifugation, 25 μl DTNB and 1 ml 0.4 M Tris (pH 8.9) were added to 0.5 ml supernatant and incubated for 5 min. The absorbance of the 2-nitro-5-mercaptobenzoic acid formed was measured at 412 nm. GSH served as a standard. The concentration of Pr-SH was calculated by subtracting values for Npr-SH from that of T-SH.
Protein oxidation and modification markers
Protein carbonyl content
Oxidative modifications of amino acid residues include derivatization of amino acid residues such as proline, arginine, and lysine to reactive carbonyl derivatives. Briefly, 2,4-dinitrophenylhydrazine reacts with protein carbonyl forming a Schiff base to produce the corresponding hydrazone that can be analyzed spectrophotometrically (Levine et al. 1990 ). Muscle tissue was homogenized in ice-cold 50 mM phosphate buffer (pH 7.2) containing 1 mM EDTA and protease inhibitor cocktail. The homogenate was centrifuged at 10,000×g for 15 min, and the supernatant was checked for presence of nucleic acids by measuring the absorbance at 260 and 280 nm. A ratio of 280/260 nm more than 1 indicated that the sample was free of nucleic acid contamination. To 200 μl of sample, 600 μl 10 mM 2,4-dinitrophenylhydrazine (DNPH) in 2 N HCl was added; 600 μl of 2 N HCl was added as a blank control. The mixture was incubated for 1 h at room temperature. The protein was precipitated with an equal volume of 20% trichloroacetic acid and was washed three times with ethanol/ethyl acetate (1:1 v/v). The final precipitate was dissolved in 400 μl of 6 M guanidine hydrochloride (pH 2.3), and the insoluble debris was removed by centrifugation. The absorbance of the DNPH derivatives was measured at 360 nm. The concentration of carbonyl groups was calculated by using an absorbance coefficient 22 nM/cm and expressed as nmol carbonyl per mg of protein.
Advanced oxidation protein products
Advance oxidation protein product was considered to be a relevant marker for oxidant-induced protein damage. It is formed during oxidative stress by the action of chlorinated oxidants, mainly hypochlorous acid and chloramines. Determination of advanced oxidation protein product (AOPP) (i.e., some oxidation products with characteristic absorbance) was based on spectrophotometric detection according to Witko-Sarsat et al. (1996) modified for muscle tissue. Briefly, tissue homogenates, prepared in 0.154 M KCl-EDTA, were diluted 1:5 with phosphatebuffered saline (PBS), pH 7.4. For standard curve, 200 μl of chloramin T (0-100 μmol/l) and 200 μl of PBS as blank were applied on a microtiter plate. Similarly, 200 μl of diluted samples was applied. Ten microliters of 1.16 M potassium iodide and 20 μl of acetic acid were added to each well, and absorbance at 340 nm was measured immediately. Concentrations of AOPPs were obtained in chloramines units and expressed as μmol chloramine/mg protein.
Free MDA, protein-MDA, protein, and lipid hydroperoxides A simple method for the simultaneous quantification of the main lipid and protein peroxidation product was done after their initial fractionation. Free malondialdehyde (FrMDA), protein-bound malondialdehyde (PrMDA), total lipid hyderoperoxides (LOOH), and protein hyderoperoxides ( P r O O H ) b a s e d on t h e s pe c t r o p h o t o m et r i c a n d spectroflourimetric analyses were done according to Grintzalis et al. (2013) . FrMDA and PrMDA (released from proteins by alkaline hydrolysis) were measured after the reaction of MDA with thiobarbituric acid (TBA) under acidic conditions by the specific fluorimetric quantification of the resulting MDA-(TBA) 2 adduct chromophore. The measurement of LOOH and PrOOH is based on the reaction of Fe +3 (resulting from the reaction of LOOH and PrOOH with Fe +2 ) with xylenol orange (XO) and the photometric quantification of the resulting XO-Fe complex. Concentrations are expressed as nanomoles.
Oxidative protein content by fluorescent measurement
Muscle tissue was homogenized in 0.3 M sucrose and 10 mM HEPES, pH 7.4. Homogenate was centrifuged (1200×g for 10 min) to remove the debris (total membrane fraction). Protein concentration was determined by the Bradford (1994) method. Fluorescence measurements were performed in solution containing 50 μg of homogenate protein per ml, 10 mM HEPES, and 100 mM KCl, pH 7.0 at 25°C on a Perkin-Elmer fluorimeter. Fluorescence emission spectra (300 to 450 nm, slit width 2 nm) of tryptophan were measured with excitation at 295 nm (slit width 1 nm) (Dousset et al. 1994) . Fluorescence emission spectra of bityrosine, product of tyrosine oxidation, were recorded in range of 380 to 440 nm, at excitation wavelength of 325 nm (Giulivi and Davies 1994) . Emission spectra of Lys conjugates with lipid peroxidation products (425 to 480 nm) were recorded at 365 nm, and excitation spectra of conjugates of Lys (325 to 380 nm) were measured with emission at 440 nm (Dousset et al. 1994 ).
Protein degradation pathways
Calpain assay
Calpains were measured in the homogenate using N-succinyl-Leu-Tyr-7-amido-4-methylcoumarin (SLY-AMC) as a substrate (Mastrocola et al. 2008) . A stock solution of 50 mM SLY-AMC was prepared in dimethyl sulfoxide and stored at −20°C. Muscle extract was incubated for 60 min at 37°C in a buffer solution (pH 7.4) containing 25 mM HEPES (pH 7.5), 0.1% CHAPS, 10% sucrose, 10 mM DTT, 0.1 mg/ml ovalbumin, and substrate. Fluorescence of the liberated AMC was monitored in a Perkin-Elmer fluorimeter (LS45) at excitation 380 nm and emission 460 nm.
The 20S proteasome activity of Ub-proteasome pathways
The ubiquitin proteasome pathway was studied by assaying the chymotrypsin-like enzyme activity of 20S proteasome, as described earlier (Hepple et al. 2008) . The muscle extracts containing 60 μg protein were incubated for 30 min at 37°C in 50 μl of a buffer containing 100 mM Tris-HCl (pH 8.0), 1 mM DTT, 5 mM MgCl 2 , 1 mM Suc-LLVY-AMC, 2 mg/ml ovalbumin, and 0.07% SDS. The reaction was terminated by 25 μl of 10% SDS and diluted by 2 ml of 0.1 M Tris-HCl (pH 9.0). Fluorescence of the liberated AMC was monitored in a Perkin-Elmer fluorimeter at excitation 380 nm and emission 460 nm.
Degradation of tyrosine and tryptophan release
Frozen tissues were homogenized in ice-cold phosphate buffer (0.1 M, pH 7.4) containing 140 mM KCl, 1 mM EDTA, and 1 mM PMSF. The homogenate was centrifuged at 960g for 10 min and the supernatant was used. All steps were carried out at 4°C. Sodium dodecyl sulfate was added to sample aliquots (final concentration 0.1%). The tryptophan content within solubilized proteins was determined fluorimetrically at excitation and emission wavelengths of 280 and 345 nm, respectively (Bondy 1996) . The tyrosine content within solubilized proteins was determined fluorimetrically at excitation and emission wavelengths of 277 and 320 nm, respectively (Gusow et al. 2002) .
Intracellular free calcium
Intracellular calcium was measured according to the method of Meder et al. (1997) . The intracellular free calcium was determined by fluorescent calcium indicator dye Fura-2/AM. Fura-2/AM crosses the membrane, and is hydrolyzed by the esterases to Fura-2 that binds free ionic calcium to give fluorescence, that is proportional to the amount of free calcium. The cytosolic fraction was incubated with 5 M Fura-2/AM for 40 min at 37°C. This was followed by centrifugation at 20,000g for 20 min, and the pellet was washed with Ca 2+ -free physiological buffer (133 mM NaCl, 4.8 mM KCl, 1.2 mM Na 2 HPO 4 , 1.2 mM MgSO 4 , 10 mM HEPES, and 10 mM glucose, pH 7.4) and recentrifuged. The pellet was resuspended in physiological buffer, and fluorescence (F) at 340-to 380-nm excitation and 510-nm emission was measured, and [Ca 2+ ]i was calculated as follows:
2+ Fura-2 complex was 225 nm. Maximal fluorescence (F max ) was measured after lysis of plasma membrane of skeletal muscles with SDS, and minimal fluorescence (F min ) was measured in the presence of 5 mM EGTA. The results were expressed as nanomolar of free intracellular calcium.
Caspase-3 substrate cleavage assay
Caspase-3 is an enzyme activated during the induction of apoptosis. The activity of caspase-3 in skeletal muscle was estimated using colorimetric substrate, Ac-Asp-Glu-Val-Asp pnitroaniline, and Ac-DEVD-pNA (Calbiochem) by previously described method of Li et al. (2004) . Muscle tissue was homogenized in 10 volume of ice-cold lysis buffer (50 mM HEPES, pH 7.4, 0.1% CHAPS, 5 mM DTT, 2 mM EDTA, 2 mM EGTA, 0.1% Triton X-100) containing 1 mM PMSF and protease inhibitors. Homogenates were centrifuged at 14,000g for 15 min, and the supernatants were used for assay of caspase-3 activity. Sample protein (100 mg) was diluted with assay buffer (50 mM HEPES, pH 7.4, 100 mM NaCl, 0.1% CHAPS, 10 mM DTT, 2 mM EDTA, 2 mM EGTA, 0.1% Triton X-100) and incubated at 25°C with the substrate Ac-DEVD-pNA, 200 μM final concentration, in a 96-well microtiter plate. Cleavage of the p-nitroaniline (pNA) dye from the peptide substrate was determined by the measure of absorbance of pNA at 405 nm in a microplate reader (Biotek, VT, USA). Results were calibrated with known concentrations of p-NA and expressed as nmol p-NA per minute per mg protein.
HSP-60 and HSP-70 ELISA HSP60 and HSP70 were quantified in muscle by commercially available rat ELISA (Cusabio ELISA Kit, China) according to the manufacturer's instructions. The intensity of the color reaction was read spectrophotometrically in a plate reader, and the concentration was expressed in ng/mg protein.
Histopathology
Muscle was removed from rats from all the four groups, and the morphological features of the muscle were analyzed using digital images of the stained section. Images are acquired using a bright-light microscope at ×20 magnification, digital camera, and image capture software (Lieca DM RBE microscope). The ×20 high-power photomicrograph of muscle biopsy from control showed transverse cut muscle fibers that have a polygonal shape with peripheral nuclei, intact sarcolemma, and nonfragmented sarcoplasm. Intact muscle tissue also shows homogenous fiber size distribution with thin, delicate endomysial connective tissue with little space among them.
Immunoblotting
Preparation of cytosolic extracts
For cytosolic fractionation, muscle tissue was homogenized in an ice-cold buffer (0.5 M sucrose, 10 mM HEPES, 10 mM KCl, 1.5 mM MgCl 2 , 10% glycerol, 1 mM EDTA, 1 mM DTT, 1 mM PMSF fortified with protease inhibitors). Homogenates were kept on ice for 15 min, 0.6% Nonidet P-40 was added, and then centrifuged for 20 min at 5000g at 4°C. The supernatant with cytosolic fraction was collected and stored at −80°C for further analysis. Total protein concentrations were determined using the Bradford (1994) method.
Western blotting
Protein (50 μg) was separated by 10% SDS-polyacrylamide gel electrophoresis, based on the molecular weight of the protein of interest and transferred onto a nitrocellulose membrane (Millipore, Billerica, USA). The membranes were blocked with 3% bovine serum albumin in PBS containing 0.1% Tween 20 (Sigma), washed, and probed with respective mouse/rabbit monoclonal antibodies. Primary antibodies GRP78, caspase-3, and C/EBP homologous protein (CHOP) were obtained from Sigma (St. Louis, MO, USA). The membranes were then incubated with anti-mouse/rabbit-IgG HRP conjugate (Sigma). The membrane was washed and incubated with chemiluminescent substrate (Sigma), and the bands were developed using X-ray films (Kodak, Rochester, NY, USA). Quantification was performed by densitometry using ImageJ software.
Statistical analysis
All the experiments were performed on a minimum of three different occasions, and data are presented as mean ± SEM. One-way analysis of variance with post hoc Bonferroni analysis was used to determine statistical significance between groups. All analysis was conducted using GraphPad Prism version 6.00 software (GraphPad, CA, USA). The p value of <0.05, with a 95% confidence interval, was considered significant.
Results
Acute hypobaric hypoxia induces oxidative stress via induction of ROS and depletion of thiol contents Hypobaric hypoxia leads to generation of free radicals and depletion of thiol contents. ROS levels in muscle due to hypobaric hypoxia exposure were increased significantly by 3.68-, 3.88-, and 4.27-fold at 6-, 12-, and 24-h HH exposure, respectively, as compared to control rats (Fig. 1a) .
Oxidative homeostasis is maintained by thiol content of the body and may be consider a first-line defense system. Cysteine and methionine are the main thiol containing amino acids involved in maintenance of homeostasis and also have the ability to undergo oxidation during stress conditions. As in the method described by Sedlak and Lindsay (1968) , the levels of T-SH groups and NPr-SH groups were determined directly; the concentration of Pr-SH groups was calculated as a difference between above two indices for each animal. The total sulfhydryl content was decreased significantly at HH exposure, and maximum decrement was observed at 24-h HH exposure (Fig. 1b) . A similar decline was seen for protein and non-protein thiol contents (Fig. 1c, d ) after HH exposure.
Disturbed oxidative homeostasis induces oxidative protein modifications and the amino acid oxidation HH exposure induced increased ROS and decreased thiol content and resulted in further protein oxidation. The levels of protein carbonyl derivatives in HH-exposed group were found higher in 6-, 12-, and 24-h HH-exposed rats as compared to control rats, and the increment was directly proportional to exposure time (Fig. 2a) .
Another known and proven marker for oxidant induced protein damage is AOPP. Figure 2b shows AOPP formation in 6-, 12-, and 24-h HH-exposed animals; a significant increment was observed in all HH-exposed animals, but maximum AOPP formation (2.57-fold) was found at 24-h HH exposure (2.57 ± 0.106 μmol chloramine T/mg protein; p < 0.05) with comparison to control rats ((0.727 ± 0.062 μmol chloramine T/mg protein) (Fig. 2b) .
The free radicals have a short half-life, high reactivity, modifying and damaging activity of cellular proteins. To evaluate the oxidative protein modification due to acute hypobaric hypoxia, we measured the oxidation of aromatic amino acids, primarily tyrosine and tryptophan, through the measurement of fluorescence emission spectra. Free radicals tend to attack aromatic amino acids like tyrosine and tryptophan that are a component of polypeptides. A shift in fluorescence emissions of cellular proteins is indicative of bityrosine product and oxidized tryptophan formation. Our results showed a shift of fluorescence emission spectra that was significantly higher in 24-h HH exposure as compared to control rats.
Beside this, oxidized tryptophan and bityrosine products were also measured by fluorescence emission spectra (Table 1) . As shown in Fig. 2c , there was marked increase in bityrosine products in HH-exposed rats. Figure 2d shows the oxidized tryptophan which was found to be significantly higher in 24-h HH-exposed rats as compared to control rats. Along with these effects of free radicals, lysine was also oxidized, which further forms into lysine-MDA-lysine diimine cross-links with lipid peroxidation products such as malondialdehyde (MDA) and 4-hydroxynonenal. Quantifying the fluorescence emission for such products, the increment was observed highest at 24-h HH-exposed rats (1.118 ± 0.01 for lysine oxidation and 0.864 ± 0.03 for lysine conjugate with LPO) (Fig. 2e, f) .
Acute hypobaric hypoxia enhances total, free, and protein malonaldehyde and the hydroperoxides and lipid hydroperoxides Figure 3a shows the level of total MDA, free MDA (Fr-MDA), and protein MDA (Pr-MDA) in muscle. The results indicate increased total MDA in 6-, 12-, and 24-h HH exposure, while Pr-MDA was increased on 12-and 24-h HH exposure and free MDA increased on 24-h HH exposure. 
b Total thiol content (T-SH). c Protein thiol content (Pr-SH). d Non-protein thiol content (NPr-SH). Data represents
the mean ± SE; N = 5. Different symbols, double dagger, asterisk, and dagger indicate the significant differences between experimental groups (p < 0.05), while groups with matching symbols denote no difference (p ≥ 0.05) LOOH and PrOOH are biomarkers of oxidative stressinduced lipid peroxidation and protein oxidation. The results indicate the increase in PrOOH in 24-h HH-exposed rats, while LOOH increased significantly at 12-and 24-h HH-exposed animals with comparison to control rats (Fig. 3b, c) .
Acute hypobaric hypoxia affects heat shock proteins and ER chaperone expression
Acute hypobaric hypoxia exposure leads to protein modification and misfolding. To rectify these modifications, heat shock proteins and ER chaperones get activated. In our study, we studied cytosolic heat shock protein HSP70, heat shock protein HSP60, and ER chaperone GRP78/BiP in relation to hypobaric hypoxic condition and found that HSP70, HSP60, and GRP78 expressions increased significantly with the exposure time (Fig. 4a-d ) in rats as compared to control rats.
Increased oxidized proteins lead to cellular degradation due to elevated resting intracellular [Ca 2+ ] Increased expressions of chaperones clearly indicate the overloading of cells with misfolded/oxidized proteins. Accumulation of misfolded proteins thus induces the increased activity of 20S proteasome, a catalytic core of 26S proteasome. The activity was assayed by fluorogenic Fig. 2 Free radical generation under hypobaric hypoxic stress resultant into protein modification and the amino acid oxidation in skeletal muscle tissue homogenate by fluorescence excitation-emission spectra. a Protein carbonylation. b Advanced oxidation protein products (AOPPs). c Formation of protein-protein cross-linkage (bityrosine formation) due to presence of free radical species shows characteristic emission spectra at 380-440 nm. d Emission spectra due to the oxidation of aromatic amino acid tryptophan under hypoxic condition, showing a shift in intensity at the peak emission wavelength. e Excitation spectra of lysine conjugates measured at 325-380 nm. f Emission spectra at 425-480 nm for the lysine conjugates with lipid peroxidation products like malondialdehyde, 4-hydroxynenal through covalent attachment designated as reactive carbonyl species (RCS)-derived protein carbonylation. Data represents the mean ± SE; N = 5. Different symbols, double dagger, asterisk, and dagger indicate the significant differences between experimental groups (p < 0.05), while groups with matching symbols denote no difference (p ≥ 0.05) substrate, Suc-LLVY-AMC. A significant increase in chymotrypsin-like protease activity of 20S proteasome was observed in 12-and 24-h HH-exposed rats, while no significant change was noted in 6-h HH-exposed rats as compared to control rats (Fig. 5a) .
Further, in the series, calpain activity was also measured using fluorogenic substrate for calpain, Suc-LVY-AMC. The results show that calpain activity increased significantly in 12-and 24-h HH exposure, while calpain activity remain unchanged in 6-h HH-exposed rats in comparison to unexposed rats (Fig. 5b) .
Based on the above results, we conclude that both calpainand proteasome-mediated proteolysis initiated by hypoxic stress leads to muscle protein degradation. Once the proteasome pathway is activated, it initiated degradation of proteins. The animals exposed with HH for 24 h showed significant increase in the fluoroscence emissions due to released tyrosine and tryptophan residues (2.42-and 2.28-fold, respectively; p < 0.05) as compared to control animals (Fig. 5c) .
Calcium is an important ion, involved with numerous activities including protein degradation via calcium-dependent calpain protease. Hence, the present study established an interesting finding that intracellular calcium ion [Ca 2+ ] i increased significantly in 12-and 24-h HH exposure as compared with normoxic control rats (Fig. 5d ).
Acute hypoxia insult affects apoptotic signaling cascade
Our study also investigated an important pro-apoptotic signaling cascade during acute hypobaric hypoxia exposure. To b LOOH represents lipid and other hydrophobic peroxides. c PrOOH representing protein hyderoperoxides. Data represents the mean ± SE; N = 5. Different symbols, double dagger, asterisk, and dagger indicate the significant differences between experimental groups (p < 0.05), while groups with matching symbols denote no difference (p ≥ 0.05) Data represents the mean ± SE; N = 5. Double dagger, asterisk, and dagger indicate that differences between values with matching symbol notations within each column are not statistically significant at 5% level of probability know underlying mechanisms for apoptosis in hypoxic muscle, caspase-3 activity, the prime enzyme involved with apoptosis was also measured in the present study. Caspase-3, a pro-apoptotic marker of 32 kDa, was upregulated in 12-and 24-h HH-exposed animals by 1.29-and 1.52-fold, respectively, as compared to control animals ( Fig. 6a, b) .
To get an indication of whether there was initiation of the apoptosis process, caspase protease activity was also estimated using the colorimetric substrate, Ac-DEVD-pNA (Fig. 6c) . The protease activity of caspase was in agreement with the relative abundance of caspase (Fig. 6a, b) .
When the severity of the ER stress persists, apoptosis may also involve the upregulation of CHOP. Hence, CHOP was also quantified and its upregulation was also noted after 24-h HH exposure with comparison to control rats (Fig. 6a, d ).
Histopathology
The histopathology of skeletal muscle was also examined. Control muscle cut in cross section has normal morphology with peripheral nuclei and abundant myofibrils within individual muscle fibers evenly separated by the extracellular space (Fig. 7a) . With expose to HH for 6, 12, or 24 h (Fig. 7b-d,  respectively) , there was a progressive increase in variability of muscle fiber size and shape, the extracellular space, and an apparent degradation of muscle fibers.
Discussion
Hypoxia-induced skeletal muscle atrophy as a consequence of high altitude has been well documented in past studies, but the exact molecular mechanism of hypobaric hypoxia-induced muscle loss is still unanswered. Hypoxia mediates excessive ROS generation that could be responsible for disturbed protein structure due to oxidation of amino acids. Hypoxia increases mitochondrial ROS generation at complex III that is responsible for production of oxidative stress and causing oxidative damage to biomolecules like proteins, lipids, and DNA (Chandel et al. 2000; Guzy et al. 2005) . Similarly, acute and severe hypobaric hypoxia increased oxidative stress and impaired mitochondrial function in mouse skeletal muscle (Magalhaes et al. 2005 ). In our knowledge, our study is the first to provide a detail insight of the involvement of oxidative protein modification on muscle protein degradation due to hypoxia exposure.
The present study suggested that hypoxia insult results in an increase in ROS that cause protein oxidation. With protein oxidation, there is an incremental increase in protein carbonyl content and AOPPs as seen in the present as well as our earlier studies (Chaudhary et al. 2012b; Barreir and Hussain 2010) . Increased protein carbonyl content can result from direct oxidation of protein back such as amino ‡ ‡ acids like lysine, arginine, histidine, proline, glutamic acid, and threonine (Butterfield and Stadtman 1997; Castegna et al. 2003) . Other protein modifications following HH exposure include an increase in bityrosine products, tryptophan oxidation, lysine conjugates, and PrOOH (Jain et al. 2013 ). Dityrosine and tyrosine oxidation products are also considered as endogenous markers for proteolysis of oxidatively modified proteins (Giulivi and Davies 1993; Jain et al. 2013) . ROS is also associated with an increase in free malondialdehyde, protein malondialdehyde, and LOOH (Grintzalis et al. 2013 ) and our results agree. Hence, our results suggest that increased free radical generation and protein modifications lead to an overload of misfolded proteins in muscle cells especially after 24-h HH exposure.
In cells under hypoxia stress, thiol content plays an important role in maintaining homeostasis. Total thiol content, protein thiol content, and non-protein thiol content were decreased significantly in a time-dependent manner in HHexposed rats in relation to control rats. This decrease in thiol content suggests considerable elevation of thiol oxidation of proteins with simultaneous reduction in disulfide bonds (Jain et al. 2013 ) and appears to be associated with the oxidative stress and misfolded proteins in cells. ]i in muscle. a The 20S proteasome activity was analyzed by using fluorogenic substrate Succ-LLVY-AMC. b Calcium ion-dependent calpain activity was also analyzed fluorometrically by using substrate SLY-AMC. c, d Hypobaric hypoxia causes elevation of release of aromatic amino acids tyrosine and tryptophan residues after the degradation through proteasome and calpain activity. e Resting intracellular [Ca 2+ ]i in muscle. Data represents the mean ± SE; N = 5. Different symbols, double dagger, asterisk, and dagger indicate the significant differences between experimental groups (p < 0.05), while groups with matching symbols denote no difference Our findings of increased ROS production after HH are supported by previous studies with acute and severe hypoxic conditions (Magalhaes et al. 2005; Chaudhary et al. 2012a, b) that result into changes in redox status of protein. Evidence of thiol oxidation due to oxidative stress are strongly implicated in muscle fatigue. The thiol moiety (−SH) of cysteine can undergo reversible, covalent reactions with muscle-derived oxidants to form disulfide bonds. The oxidation of cysteine leads to disturbances in protein structure and function and ultimately perturbs proteostasis (Eaton 2006) . Similarly, lipid peroxidation products MDA and 4-hydroxynonenal, both of which are capable of reacting with specific amino acids including lysine under stress condition, are found to be increased and detected as a lysine conjugates with LPO fluorimetry. Thus, the present study confirms that the maximum level of protein modification through amino acid oxidations, tryptophan and tyrosine, or the cross-linking of tyrosine was seen in the HH-exposed animals in a time-dependent manner.
Furthermore, our study implied the presence of misfolded/ modified protein that led to cell stress that progressed to the increased levels of cell chaperones. GRP78, HSP70, and HSP60 increased significantly in hypoxic rats as compared with control rats. GRP78 is present in endoplasmic reticulum (ER), while HSP70 and HSP60 are abundant in cytoplasm and mitochondria, respectively. Hence, the increase in these chaperones suggests the misfolded protein burden in cell, and the increase in GRP78 further suggests ER stress in myocytes. ER is a membrane-bound cell organelle responsible for proper protein folding and a critical site for quality control of proteins, calcium homeostasis, and lipid biosynthesis. Continued accumulation of unfolded proteins triggers the unfolded protein response (UPR) and activates the ER chaperones, foldases, and lectins. Few studies have focused on the essential role played by the UPR in tissue hypoxia (Kikuchi et al. 2016) . ROS may cause ER stress via generation and accumulation of oxidized proteins (Van der Vlies et al. 2003) . We have also analyzed the misfolded/oxidized protein accumulation in the hypoxia-exposed muscle tissues. GRP-78 is the most abundant protein in the ER lumen, and its expression is regulated by the UPR (Yoshida et al. 1998) . In this regard, we identified the major ER chaperone in the skeletal muscle tissue of hypoxic animal. GRP-78 is highly upregulated in 24-h HH animals that shows the fundamental sign of the presence of a protein misfolding load in the cell. Other molecular chaperones like HSP-60 and HSP-70 are found to be upregulated in the 24-h HH animals. In this study, the protein degradative machinery, i.e., calpain and ubiquitine-proteasome pathways, was elevated in 24 h of HH-exposed animals, presumably to degrade the misfolded proteins from the myocytes. Calcium-dependent calpain and proteasome work in a coordinated manner to degrade muscle proteins. Our previous report (Chaudhary et al. 2012a, b) and other studies (Lemus and Goder 2014) also stated that once the protective effect of UPR fails to cope with the stress, endoplasmic reticulum employs endoplasmic reticulum-associated degradation (ERAD) to clear the aggregated misfolded or unassembled proteins.
The present study and previous studies (Chaudhary et al. 2012a, b; Jain et al. 2013) suggests that the mechanism of skeletal muscle protein degradation after HH is through the UPR, calpain, and lysosomal pathways. Calpain proteases and UPR work in sequence and a coordinated manner to degrade muscle proteins (Menconi et al. 2007; Kramerova et al. 2005; Smith and Dodd 2007) . Further, release of tryptophan and tyrosine were also found significantly higher in HH-exposed rats as compare with normoxic rats that suggest that degradation of oxidized proteins is by proteasome pathway.
Calpains are intracellular non-lysosomal, Ca
2+
-regulated cysteine proteases (Bartoli and Richard 2005; Goll et al. 2003 ) that increased significantly during HH exposure. With this in mind, resting intracellular cytosolic [Ca 2+ ] i was investigated and interestingly was found elevated in 12-and 24-h HH-exposed rats in comparison to normoxic control rats. Substantial evidences has accumulated demonstrating that ROS can influence and modulate [Ca 2+ ] i in pulmonary arterial smooth muscle cells in response to hypoxia (Shimoda and Undem 2010) . Previous studies provided evidence for a role of calcium-dependent calpain activation in various muscular pathologies (Murphy et al. 2013; Alderton and Steinhardt 2000) and increased influx of [Ca 2+ ] i . To our knowledge, our study represents the first analysis of the elevated resting cytosolic calcium ion that could play a binary role. First, [Ca 2+ ] i could play a synergestic role to generate ER stress, and second, it might also play an important role for calpain activation that results into protein and muscle degradation.
Hence, this study suggests an interesting role of calcium in muscle protein loss in the specific case of hypobaric hypoxia exposure. Supporting this notion is the finding that altered calcium homeostasis and activation of ER stress is seen in myotonic dystrophy type 1 cells (Botta et al. 2013) .
In addition to increase in proteasome and calpain protease activities, apoptosis-related markers like caspase-3 and CHOP were unregulated in 24-h HH-exposed rats. The above observation is consistent with the idea that if ER stress is prolonged or too severe, signaling switches from pro-survival to prodeath, thus triggering ER stress-induced apoptosis or cell death (Rutkowski et al. 2006; Urra et al. 2013; Sano and Reed 2013) . The present study demonstrates the progressive induction of the pro-apoptotic protease, caspase-3, in 24-h HH-exposed animals. Recently, compelling evidence indicates that hypoxia-induced very low density lipoprotein receptor (VLDLr) expression triggered endothelial ER stress and apoptosis (Xie et al. 2015) . With this in mind, one of the components of the ER stress-mediated apoptosis pathways, CHOP, was also analyzed and found elevated in 24-h HHexposed rats. Similarly, CHOP protein level tended to be higher in human skeletal muscle after acute environmental hypoxia compared to normoxia (Baehr et al. 2016; D'Hulst et al. 2013) .
A recent study explored the role of the transcriptional coactivator peroxisome proliferator-activated receptor-γ coactivator-1α (PGC-1α) that could also be an important factor in loss of muscle mass due to deactivation of mitochondrial biogenesis (Levett et al. 2012) . Further studies are required in this direction to explore the role of PGC-1α in hypobaric hypoxia-induced muscle atrophy.
In conclusion, the present study provides insight into the mechanistic foundation of muscle loss in vivo following hypobaric hypoxia exposure. A detailed overview of protein modification is presented in this study and summarized in Fig. 8 that could be responsible for the initiation of the proteolysis process after HH. Also interesting is the intracellular calcium [Ca 2+ ] i level enhancement that is associated with the muscle proteolysis process. Overall, our study provides a clear representation of mechanism of muscle protein loss during high-altitude exposure in which ROS activates numerous signals, an area of emerging interest that provide an understanding of muscle loss due to disturbance in protein and calcium homeostasis in cell. Our study provides a clear pathway from production of ROS to the activation of apoptosis via protein modifications and disturbance in calcium homeostasis (Fig. 8) .
